Abstract: Exposing electric vehicles (EV) to extreme temperatures limits its performance and charging. For the foreseen adoption of EVs, it is not only important to study the technology behind it, but also the environment it will be inserted into. In Europe, temperatures ranging from −30 • C to +40 • C are frequently observed and the impacts on batteries are well-known. However, the impact on the grid due to the performance of fast-chargers, under such conditions, also requires analysis, as it impacts both on the infrastructure's dimensioning and design. In this study, six different fast-chargers were analysed while charging a full battery EV, under four temperature levels (−25 • C, −15 • C, +20 • C, and +40 • C). The current total harmonic distortion, power factor, standby power, and unbalance were registered. Results show that the current total harmonic distortion (THD I ) tended to increase at lower temperatures. The standby consumption showed no trend, with results ranging from 210 VA to 1650 VA. Three out of six chargers lost interoperability at −25 • C. Such non-linear loads, present high harmonic distortion, and, hence, low power factor. The temperature at which the vehicle's battery charges is crucial to the current it withdraws, thereby, influencing the charger's performance.
Introduction
Smart grids and digital technologies are set to change the global energy system in coming decades, making it more connected, sustainable, and reliable. This will have a significant and enduring effect on both energy demand and supply, according to the 2017 International Energy Agency (IEA) [1] . In trying to achieve the environmental goals set by the international community [2], communication and information are having an impact on the energy sector which has never before been observed, on the path to make it smarter. From the distributed ledger protocols to big data analysis, technologies are shaping the dynamics of services that will be offered in the future. The way machines will interact with each other to provide those services will require a multilayer analysis. Assessing interoperability between components and performances is, therefore, a crucial activity for the successful implementation of the smart grid. One of the sectors bound to suffer tremendous change is the transportation sector, particularly on-road light-duty vehicles.
The continuous growth of electric vehicles (EV) presents both a challenge and opportunity for citizens and companies. Road vehicles' electrification success depends on the charging infrastructure effectiveness to support consumers and mitigate driving-range limitations. Charging at high power means reducing the time it takes to charge the vehicles' battery. However, using high power non-linear devices in low voltage grids may cause power quality problems, namely harmonic distortions. In Europe, manufacturers are exploring different options of power in fast-charging (higher than 50 kW). This represents new challenges on the grid for infrastructure design, dimensioning, and verifying
•
Component layer, which is the hardware to connect systems or devices such as power cables.
• Communication layer, which is the communication technology (e.g., PLC or Ethernet) and the communication protocol for data transmission.
• Information layer, which is the data model to be used to ensure a common understanding of the data exchanged.
• Functional layer, specifying the functions and interactions.
• Business Layer.
The SG-CG also presents the methodology to access interoperability [4] and states that lack of interoperability can arise because manufacturers often choose different or inconsistent options, within the standard, or because the implementations have conflicting understandings of the specification. Hence, ambiguities, errors, unclear requirements, conflicting options or other factors (such as third-party interference) that could lead to non-interoperability should be investigated. Third-party interferences may come from the environment, context or event that the systems may be exposed to. One factor, among many others, is temperature. Many systems interoperate under ambient temperatures but when exposed to extreme conditions, this is not certain.
Even though we analyse the context/conditions where an EV and a fast-charger operate, the aim of the study is to analyse the performance of the process, assuming from the start that they interoperate. Exposing the systems to a third-party interference, such as extreme temperatures may, however, have an impact on this and for this reason, this theme has been addressed, as well.
EV Fast-Charging Performance and Temperatures
Given the importance of power adequacy of EVs, many studies have investigated their charging processes under various scenarios. Studies focus both on plug-in hybrid [5] and pure electric vehicles [6] . Authors in Reference [7] present a review of the modelling approaches to renewable energy integration. They conclude that EVs can significantly integrate the present excess of renewable energy produced. Studies focusing on the batteries themselves and the impacts of stressful conditions have been carried out, where the authors [8] observed a significant temperature increase in conditions of repeated acceleration and deceleration. The temperature dependency of charging and power consumption, especially low temperatures effects, have been demonstrated [9, 10] to affect the performance of EVs in different aspects. Authors in Reference [11] observe that at negative temperatures, the charging capacity is reduced as the internal resistance of the battery increases, Energies 2018, 11, 2635 3 of 14 causing the maximum voltage to be reached earlier [12] . In order to protect the battery, a higher voltage cannot be applied, as it would result in a reduction of the current, which would increase the charging time. The same phenomenon happens if an EV is being driven, the minimum voltage is reached earlier and the current drawn from the battery must be reduced, thus weakening acceleration capabilities. Other impacts may be observed as a reduction of regenerative braking capability, increased heating, ventilation, and air conditioning systems (HVAC) [8, [11] [12] [13] . At higher temperatures (>+40 • C), no adverse impacts are observed, both for charging and discharging, since the internal resistance decreases further. However, battery degradation and self-discharge may be faster due to higher chemical activity [14] . Even though the charging efficiency of EVs, when exposed to extreme temperatures, has been a covered subject in the literature, the harmonic distortion during charging and standby power consumption of the chargers themselves, have somehow been overlooked. Despite some impacts of low-temperature on EV performance, regions where winters are particularly severe, have observed a rising adoption of EV's, such as Norway. With an increasing market share of 22% in 2015 and a foreseen 30% in 2020, the Norwegian EV fleet may reach approximately 250,000 units, by 2020 [15] . An important factor contributing to this high rate of EV adoption, is the charging infrastructure implementation. The European Clean Power for Transport directive [16] recommends that there should be one publicly available charging point for every 10 electric cars, by 2020. Fast-chargers are effective solutions, providing, typically, 50 kW of power. Since most manufacturers have chosen to use either CCS or Chademo car adapters, most fast-chargers come with both these solutions incorporated in them. However, Tesla provides a supercharger which is capable of providing 120 kW. An EV with a 60 kWh battery can be fully charged within an hour. This solution, however, is a proprietary one and it targets Tesla users only. There is yet a growing interest in the present development of high power chargers (HPC) which may supply up to 350 kW, opening the market for larger vehicles. The power provided may vary from one EV to another as chargers adjust their power levels, based on the temperature, battery capacity, battery SOC, and other factors, to protect the battery. The main issue remaining to be solved is the interoperability. Vehicle owners must be assured that they can approach any charger and that their vehicle will be charged without communication or compatibility problems.
Topics for the analysis of EV-charging impacts on the distribution networks can be listed as voltage regulation, harmonic distortion levels, unbalances, additional losses, and transformers loss of lifetime. In terms of power quality, a distributed system means a more horizontally structured grid, hence, the impacts of harmonics become relevant to study in Points of Common Coupling (PCC).
Literature reports different findings regarding power quality impact from EVs. Authors modelling low-voltage systems [17] , particularly in urban scenarios [18] , defend that distribution networks can have limitations in EV-charging support, even for relatively low EV penetration levels. Authors in Reference [19] , focusing on the residential harmonic loads and the EV charging, conclude the same by observing a potential harmonic impact, above the standard limits. Other studies suggest that low plug-in electric vehicle (PEV) penetration levels, with normal charging power, will have acceptable low harmonic levels [20, 21] , and voltage fluctuations [22, 23] , however, fast-charging could cause significant voltage harmonics and losses [24] . Most of studies tend to focus only on current harmonics, addressing the main concern of the residential and normal chargers, as they are expected to have a higher penetration. Authors in Reference [3] however, address the total harmonic distortion impact of multiple fast-chargers, working at the same time, under a Point of Common Coupling (PCC). Their study calculated the voltage and current total harmonic distortion (THD V , THD I ) and Total Demand Distortion (TDD), reporting the former at 1.2% and the latter two at 12% impacts, respectively. For the charger considered, the total values measured during the constant cycle stage, complied with the standards limits stated by the Institute of Electrical and Electronics Engineers (IEEE) 519 [25] and the International Electrotechnical Commission (IEC) 61000-3-12/2-4 [26, 27] . However, when considered individually, harmonics failed to comply with the limits provided by the same standards, mostly due to the 11th and 13th orders, which are likely to exceed the 5.5% limit in IEEE 519 (5% and 3%
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In addition to this, the study also concluded that the main limitation of the number of chargers in a multi-charger station is the harmonic limits and not just the power capacity of the upstream power transformers. When the number of EVs charging simultaneously increases, the total current also increases and causes the standard limits to decrease, reaching a point where harmonic limits have been exceeded. The limitation in installing fast-chargers is, thus, reliant on the robustness of the systems in terms of the short-circuit current and the amount of current drawn by the vehicle cluster. This clearly identifies a limit to the number of chargers to work simultaneously and hence justifies the pertinence of studying power quality impacts, under different conditions, namely temperatures. This is especially important if we consider that the temperatures in the EU may vary from approximately −45 • C to +45 • C [28] . In this study, we analysed the apparent standby power consumption, the THD I , and the power factor, and observed the interoperability. Six commercial fast-chargers were studied, when submitted to ambient and extreme temperature conditions, during an EV fast-charging. The temperatures studied were −25 • C, −15 • C, +20 • C, and +40 • C.
Harmonics and Standby Power
In perfect conditions, both current and voltage are sinusoidal waves. Harmonic distortions cause a deviation from these perfect shapes, mostly due to non-linear loads, and are commonly referred to as noise or pollution. In the case of nonlinear loads, such as EV charge-controllers, current distortion often occurs, due to the existence of power electronic switches, which convert power from AC to DC. The presence or injection of these currents, in the distribution system, can distort the electricity system operator supply voltage and overload the expensive electrical distribution switchgear. In order to prevent harmonics from degrading the operator supply, standards such as the IEC 61000-3-12/2-4 [26, 27] have been promoted with the aim of developing recommended practices and requirements for harmonic control, in electrical power systems. These standards have been adopted by the research community and the industry, and they describe the problems that the harmonic current distortion might cause within electrical systems, as well as the limits of such harmonics in a given system. These limits can be seen in Table 1 as a percentage of the reference current. System operators are required to supply power with certain quality levels whose limits, among others, depend on the level of voltage connection. Consumers, on the other hand, are responsible for not degrading the voltage of the utility by drawing significant nonlinear or distorted currents. The European Norm EN 50160 [29] states the main voltage parameters and their tolerated deviation ranges at the customer's PCC, in both public low-voltage and medium-voltage electricity distribution systems. However, the load current is not relevant to EN 50160. Regarding the actual current harmonic limits, the European standards are akin to IEC, hence, only the latter will be referred to, onwards. The short circuit current (I SC ) over the total line current (I L ) I SC /I L ratio shows the relative size of the load, compared to the utility system. Under a linearity hypothesis, in a given point, power systems may be transformed into a Thevenin equivalent with the related impedance. The short-circuit, which may also be expressed in short-circuit power (SCP), at that point "quantifies" the equivalent impedance of the network. If the equivalent impedance is high (i.e., low SCP) the network is considered "weak" and the voltage is affected by the (harmonic) currents; if the network is strong, the voltage is not affected. It is, therefore, necessary to calculate or to measure the short-circuit current (I SC ) at the PCC, where the measurements are intended to identify the limits to compare with.
Standby apparent power, on the other hand, refers to the electrical power consumed by a device when not in actual operation, but is only connected to a power source, is ready to be used. In this study, apparent power is presented in VA units, hence, both active and reactive powers are considered. This consumption is given by the continuous operation of the screen, the filters, and the other internal circuits. Some charging units have fans to mitigate the heat and the resistances, to keep a minimum temperature, in the case of low-temperature scenarios. How and when such circuits such as screens, filters, fans, or heaters work may have an impact on the apparent power consumption, in the end, which is to be paid by the final consumer. Investigating the performance of the idle time is important to mitigate the uncertainty, when carrying out similar investments. It is a crucial component for investors to integrate such "losses" and capitalize over the 8760 h per year, during the lifetime of each charger, which are usually always on and ready to operate, since the foreseen maintenance interventions have a very low frequency.
Methodology and Test Design

Devices and Measurements
The study was conducted at the European Interoperability Centre for electric vehicles and smart grids. Figure 1 shows the setup of the experiment, where the vehicle can be seen inside the chamber with the door open, for the purpose of this picture. The chargers were placed inside the chamber and the door was closed for temperature acclimatisation. The measuring equipment was maintained outside due to its temperature limitations. All measurements were performed on a Nissan Leaf 24 kWh battery fully electric vehicle, using the corresponding Chademo adapter. Linear interpolation between successive RSCE values is permitted. RSCE: Short-circuit ratio; Ih: Harmonic current component; Iref: Reference current; THC: Total Harmonic Current; PWHC: Partial Weighted Harmonic Current.
The short circuit current (ISC) over the total line current (IL) ISC/IL ratio shows the relative size of the load, compared to the utility system. Under a linearity hypothesis, in a given point, power systems may be transformed into a Thevenin equivalent with the related impedance. The short-circuit, which may also be expressed in short-circuit power (SCP), at that point "quantifies" the equivalent impedance of the network. If the equivalent impedance is high (i.e., low SCP) the network is considered "weak" and the voltage is affected by the (harmonic) currents; if the network is strong, the voltage is not affected. It is, therefore, necessary to calculate or to measure the short-circuit current (ISC) at the PCC, where the measurements are intended to identify the limits to compare with.
Methodology and Test Design
Devices and Measurements
The study was conducted at the European Interoperability Centre for electric vehicles and smart grids. Figure 1 shows the setup of the experiment, where the vehicle can be seen inside the chamber with the door open, for the purpose of this picture. The chargers were placed inside the chamber and the door was closed for temperature acclimatisation. The measuring equipment was maintained outside due to its temperature limitations. All measurements were performed on a Nissan Leaf 24 kWh battery fully electric vehicle, using the corresponding Chademo adapter. The commercial fast-chargers were connected to a max. 125 A wall socket, 230 Vph-n, 50 Hz, at one end, passing through a measurement box and from the box to the charger itself. The box was The commercial fast-chargers were connected to a max. 125 A wall socket, 230 V ph-n , 50 Hz, at one end, passing through a measurement box and from the box to the charger itself. The box was specifically created to connect all voltage and current measurement clamps and can also be seen in Figure 1 . The same voltage (400 V ph-ph ) wall socket was used in all measurements. A Power Quality and Energy Analyser was used as a measurement device. The analyser model is the Fluke 437 Series II [30] , 400 Hz, set with 0.5 s time step, for data acquisition. The harmonics were registered up to 1050 Hz, even though the equipment can read up to 2500 Hz. The resolution and accuracy of the THD for both voltage and current was 0.1% and ±2.5% of the reading, respectively, whereas for the phase angles it was 1 • , with an accuracy of ±n × 1 • (where n is the harmonic order). The THD I expresses harmonic content as % of I 1 (fundamental current), as presented in Equation (1).
In all measurements, the Voltage Total Harmonic Distortion (THD V ) was observed to be always below 3%, hence, the study focussed only on the current total harmonic distortion (THD I ).
The apparent standby power consumption was given by the Fluke in its default option (unified method), which followed Equation (2):
It should be highlighted that Equation (2) was different from the fundamental apparent power. The fundamental powers (50 Hz component only) were calculated using the FFT (Fast Fourier Transform) results, which were calculated according to IEC 61000-4-7 grouping into the first harmonic subgroup. Furthermore, it should be noted that there was a distinction between the cos α and the Power Factor, also presented in this study. By definition, the power factor was the ratio of the real power to the apparent power. However, there were two concepts worth distinguishing, the displacement power factor and the distorted power factor. Both gave identical results for sinusoidal (non-distorted) voltage and current waveforms.
The Displacement Power Factor was caused by a reactive component in the load. If there was a capacitive component, it caused a capacitive current that led the voltage waveform by 90 degrees. Likewise, if there was an inductive component in the load, then there would be an inductive current flowing, in addition to the resistive current. The inductive current followed the voltage waveform by 90 degrees. The vector sum of the reactive currents and the resistive currents, resulted in a single current, with a phase angle before (leading) or after (lagging) the voltage waveform. The displacement power factor value was the cosine of the angle between the voltage waveform and the resultant current waveform. Distortion power factor was caused by the presence of harmonics in the current waveform, which were caused by non-linear loads [31] . The Fluke analyser used in the experiments provided such readings, as was apparent power factor, which included harmonics in the computation. In cases where nonlinear loads were connected, the current was far away from being sinusoidal, at least. The formula S × cos α = P was only valid with sinusoidal values. The "α" was the phase angle between the fundamental waves of current and voltage. If there were some harmonics also included, the signal shape in the systems could be expressed by a sum of the fundamental waves and integer harmonics [32].
Climatic Chamber
The European Interoperability Centre for EV and SG climatic test cell was designed to test light to medium duty battery electric, hybrid, or fuel cell electric vehicles, at temperatures in the range from −30 • C to +50 • C, at a controlled level of humidity. Its 4 WD chassis dynamometer achieved full road-simulation for speeds up to 260 km/h, accelerations up to ±10 m/s 2 , and allowed measurement of regenerative braking. Its emission measurement system was customized in order to correctly account for the intermittent functioning of the thermal engine, during hybrid vehicles testing. Discharging of the battery was either done inside the chamber on the roller bench or outside to perform the next measurement. The THD I measurements were done by capturing the constant part of the charging process, which was always at, approximately, between 22% and 29% state of charge (SOC). Both the car and the columns were placed inside a climatic chamber where the temperatures could be set and controlled by a SCADA system, in an adjacent room. The room temperature measurements (+20 • C) were done first, followed by the +40 • C, −16 • C, and finally −25 • C. The measurement devices were kept outside, however, due to the device's limitations, under such extreme conditions which could cause failure or misreading. More than a hundred files were collected over several weeks, of which fifty measurements are presented (6 chargers, 4 temperature levels, 2 scenarios charging, and standby). The experiments had to be distributed through, approximately, three weeks in total, since, the vehicle had to be discharged once each measurement was done. In addition to this, the different levels of temperature were set in different days, since the chamber takes several hours to reach the setting points. The study did not focus on the internal circuits or disclose any manufacturers, brands or models of the chargers analysed, however, the main characteristics are shown in Table 2 . According to the specifications available, all chargers have, approximately, the same rated power, diverse charging options (AC and DC), and state close values in terms of performance. In terms of DC-charging, both options of CCS and Chademo were available, in all chargers. Efficiency was reported to be between 92% and 95%, whereas, the power factor values (when stated) ranged from 0.96 to 0.99. All chargers were specified to be able to withstand temperatures from at least −25 • C Energies 2018, 11, 2635 8 of 14 up to +40 • C. In some chargers, the standard lower temperature limit was −10 • C, as was the case of chargers A, C, D, and E. The extended limit of −30 • C came as an optional. Charger B and F came ready, by default, with an option of −25 • C and −30 • C, respectively. It could be seen that different options were chosen by the manufacturer regarding this feature. In terms of materials, in general, all chargers had galvanized steel structures, aluminium casing, and stainless steel base/feet. Weight ranged from 400 kg to 600 kg.
Results and Discussion
This section presents the outcomes of the experiments in terms of, the THD I values and the corresponding current behaviour, the apparent power consumption per phase, the apparent power factor, and interoperability, at all temperature levels. Furthermore, a sample of the voltages, currents, and THD I , monitored during a charging process, is presented to show the voltage drop when the connection occurs. In addition to this, the results of unbalances during charging are presented and discussed.
First, in order to identify the limits of distortion, provided by the IEC 61000-3-12 standard [26] , the short-circuit current value was measured at the point of common coupling (PCC), upstream of the 125 A plug used. An impedance meter (Impmeter 2) was used to record the short-circuit current I SC. The value of 3.86 kA was measured and taken into consideration for the short-circuit ratio (R SCE ) estimation. Given the power of the chargers and considering the most unfavourable (higher) current value of the system, (82) ARMS per phase, a ratio of 47.07 (3860/81.2) was obtained. Such ratio had to be compared to the ones in the first column of Table 1 , which in this case was between 33 and 66 R SCE . This corresponded to a total current harmonic of 16%. Table 3 summarizes the THD I and corresponding currents (for the three-phases), measured for all six chargers (A to F), at the four temperature levels. Times recorded ranged from around 1.6 to 3.8 min, which given the SOC targeted (22% to 29%), corresponded to the maximum power stage of the charging curve. This condition was desirable in order to capture the maximum current and the corresponding THD. Otherwise, the results could be misleading, providing higher THD results, due to the low current. The times varied depending on the current that was able to been drawn, at different temperatures. For the +40 • C and +20 • C scenarios, all the charger's THD I values were within standard limits (<16%). However, at −15 • C, charger B and F became in violation of such a limit, with 24% and 16% THD I , respectively. In addition to this, at −25 • C, all working chargers revealed to be out of the standard limit, and reached a value as high as 39.8% in the case of charger B. Overall, even though three chargers were not able to charge at −25 • C, from Figures 2 and 3 it can be observed that there Energies 2018, 11, 2635 9 of 14 was a tendency to increase in the THD I , as the temperature decreases. This could be explained by the reduction of current being requested by the vehicle, as the temperature decreased as well (Figure 3) , thus, resulting in a direct reduction in the THD I impact, as shown in Equation (1).
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The charging dynamics may be observed in Figure 5 , which refers to charger D, at 40 degrees. The figure shows line to line voltages, phase currents, and neutral and THDI, per phase in a time step of 0.5 s. The values present a typical charging behaviour, where all phases tend to follow the same behaviour. A voltage drop could be observed upon the charger's connection, suffering a variation of 2.3%, as compared to its steady state. In this case, the current reached a maximum value of 80-81.5 A, and maintained a constant pattern, during the charging process. Neutral currents, as can be seen in this case, did not go beyond 3%. The THDI values per phase maintained a constant pattern during the charging process, following the current's behaviour of 8.1-8.6% Regarding the unbalance analysis, each of the three-phase voltage or current could be decomposed into three components. These components are known as the positive sequence, negative sequence, and the zero sequence. If the three-phase systems are considered balanced, the positive sequence component would be the normal component present in such systems. The negative sequence component, on the other hand, results from unbalanced phase-to phase currents Regarding the unbalance analysis, each of the three-phase voltage or current could be decomposed into three components. These components are known as the positive sequence, negative sequence, and the zero sequence. If the three-phase systems are considered balanced, the positive sequence component would be the normal component present in such systems. The negative sequence component, on the other hand, results from unbalanced phase-to phase currents and voltages. The phenomena of voltage unbalances cause high unbalanced currents, for example in stator windings, resulting in overheating, hence, losses and reduced motor lifetime. The negative voltage component (Vneg.) should not exceed 2% [29] . Figure 6 shows the voltage negative and the zero sequence unbalances for all charges, in all measured temperatures. and voltages. The phenomena of voltage unbalances cause high unbalanced currents, for example in stator windings, resulting in overheating, hence, losses and reduced motor lifetime. The negative voltage component (Vneg.) should not exceed 2% [29] . Figure 6 shows the voltage negative and the zero sequence unbalances for all charges, in all measured temperatures. As may be observed from the boxplots, the average values of the negative sequence were always below the zero sequence average. The maximum values never surpassed 2% reaching a maximum of 0.84%, when charger B was measured. From the values recorded, no irregularities were recorded for the voltages or the currents.
Regarding the power factor, in general, all measurements reflected a relatively low power factor in the first and third phases. This was mainly related to the increase of the distortion power (related to harmonic content). Higher harmonic content, however, did not mean a higher reactive power. As can be seen in Figure 7 , there tended to be a concentration around the same values of the Power Factor, in each of the phases. Phase 2 tended to be the one where less distorted power existed (less harmonic content), with values ranging from 0.97-1.00. This might be explained by the fact that manufacturers chose to connect internal components, on this phase, which happened to have a low harmonic content. On the other hand, phase 3 presented the lowest values, ranging from 0.33-0.48. Phase 1 values varied from 0.52-0.63. As may be observed from the boxplots, the average values of the negative sequence were always below the zero sequence average. The maximum values never surpassed 2% reaching a maximum of 0.84%, when charger B was measured. From the values recorded, no irregularities were recorded for the voltages or the currents.
Regarding the power factor, in general, all measurements reflected a relatively low power factor in the first and third phases. This was mainly related to the increase of the distortion power (related to harmonic content). Higher harmonic content, however, did not mean a higher reactive power. As can be seen in Figure 7 , there tended to be a concentration around the same values of the Power Factor, in each of the phases. Phase 2 tended to be the one where less distorted power existed (less harmonic content), with values ranging from 0.97-1.00. This might be explained by the fact that manufacturers chose to connect internal components, on this phase, which happened to have a low harmonic content. On the other hand, phase 3 presented the lowest values, ranging from 0.33-0.48. Phase 1 values varied from 0.52-0.63. Concerning the interoperability, in order for a system to be interoperable, it must be so in several layers, as described in the SGAM [4] . This architecture helps in mapping the layer where the lack of interoperability is located. From the results, it could be observed that three fast-chargers which were operating at ambient temperatures (that is, a connected communication and exchange of information, to perform a function), failed to perform that function, when exposed to −25 °C. This Concerning the interoperability, in order for a system to be interoperable, it must be so in several layers, as described in the SGAM [4] . This architecture helps in mapping the layer where the lack of interoperability is located. From the results, it could be observed that three fast-chargers which were operating at ambient temperatures (that is, a connected communication and exchange of information, to perform a function), failed to perform that function, when exposed to −25 • C. This was not caused by conflicting options within the standards (since they could work when placed in higher temperatures) but because they were exposed to a third party event/interference.
The reasons that caused the inability to charge were not identified during the experiments since the chargers' internal circuits were not disclosed by the manufacturers. However, possible reasons could be sensor malfunctioning at low temperatures, electronic systems, thermo-inability to heat the internal chamber of the charger to the desired conditions, impact on joints, cables, connectors or general electronic components preventing a secure charging process. However, the layer where the interoperability was affected may be inferred. In two of the three failing chargers (C and D) an error message was displayed showing, "unable to connect to vehicle" whereas, the other recognized the vehicle but displayed a message such as, "unable to initiate charge". This suggested that, in the first case, the lack of interoperability could refer to the communication layer, whereas, in the second case to the information layer, where the vehicle was recognized but operating conditions were not met to initiate the charge. However there was no error message that corresponded to each SGAM layer, so chargers C and D could both be referring to the information of a lack of interoperability, as well.
Conclusions
This study presented the results of the experimental activities regarding fast-charging performance, under extreme temperature conditions (+40 • C, +20 • C −15 • C, −25 • C). Values of THD I , current, standby apparent power, and power factors were presented. THD I values increased with lower temperatures due to a decrease in requested current, by the vehicle. Three of the six chargers were out of order and unable to operate at −25 • C. The charger's THD I values were within standard limits (<16%). However, at −15 • C, charger B and F became in violation of such limits, with 24% and 16% THD I , respectively. At −25 • C, none of the chargers were within the standard limit, reaching a THD I as high as 39.8% (charger B). Due to the impact of the low temperatures on vehicles and the charging process, it is advisable that the charging is done in a controlled environment, which could assure a minimum temperature for both the charger and the vehicle. This would mitigate the increase in charging time and would lower the THD I . Interoperability is an area that should be further investigated, in order to assure proper operation, under diverse scenarios. As could be seen, it was not enough to just prove compatibility. Regarding apparent standby power, a maximum value of 1650 VA was registered in charger F. Such high values with low power factor should be considered whenever designing charging facilities, especially dimensioning cables, filters, and electric switchgear. The successful rollout of massive infrastructures will be a result, of both, a combination of planning and design, as well as public policies to mitigate uncertainties in infrastructure investment and associated business models.
